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Abstract 
 
Complexes of zwitterionic lipids such as phosphatidyl choline and DNA are a growing field of 
interest due to their potential to act as nonviral vectors for gene therapy. However, fundamental 
molecular interactions between these lipids and DNA are poorly understood. In this study, a few 
methods were employed to understand the difference in stability between DNA in bulk solution 
versus DNA anchored to a liposome surface. Förster resonance energy transfer was employed to 
capture real-time hybridization events of fifteen-mer DNA anchored to a phosphatidylcholine 
liposome surface. Circular dichroism was used to compare the effects of liposome interaction on 
DNA stability. In the presence of liposome, DNA showed a marked increase in DNA melting 
temperature as well as a structural shift from native B-form to a proposed B-Z intermediate form 
of DNA. In future works, single molecule experiments will be performed to better understand 
what interactions are dominating in the DNA-lipid system as indicated by quantitative data.  
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Introduction 
Background  
Currently, various medically relevant technologies are being developed using a mixture 
of lipid and DNA in which DNA is either anchored to the surface, inserted into, or lying on top 
of, a liposome surface (Chiaramoni, 2008). However, optimizing the liposome system to induce 
proper conformational changes to the DNA remains a challenge due to the poor understanding of 
the fundamental molecular interactions between lipid and DNA (Khalid, 2008). 
Complexes of DNA and lipid, or lipoplexes, have been a focus of considerable attention 
as vehicles for nonviral gene therapy. In these systems, negatively charged DNA interacts 
electrostatically with a mixed liposome composed of positively charged cationic lipids and 
neutrally charged zwitterionic lipids to become more compact and create spherical lipoplexes 
(Langecker, 2014). Traditionally used viral vector systems have many known disadvantages 
including the induction of a strong immune response, virus particle associated toxicity, limited 
target cell specificity, genomic instability, and potential mutagenicity (Gromelski, 2006). 
Consequently, nonviral lipid-DNA systems are a promising tool for the future. Advantages of 
nonviral systems, such as lipoplex gene therapeutics, over typical viral systems include less 
toxicity, targetability, ability to mass-produce, and the ability to transfer large DNA (Zhdanov, 
2002).  
 For such therapeutics, DNA can enter the cell either by directly fusing with the cellular 
membrane or by entering the cell through endocytosis with the subsequent destruction of an 
endosome within the cell (Zuidam, 1998).  Thus, in order to optimize these lipoplex vectors, the 
various steps in gene delivery must be considered: (1) condensation of DNA and its protection 
from degradation by intracellular nucleases, (2) adhesion of DNA-lipid complex to the cellular 
	   5	  
surface, (3) DNA internalization, (4) fusion of the lipoplex with the endosome membrane, (5) 
escape of DNA from the endosome and into the nucleus, and (6) gene expression (Zhdanov, 
2002).  Zwitterionic lipids must be used in these lipid formulations as they allow for more 
efficient complex formation, endocytosis of the DNA-lipid complex, and destabilization of the 
endosomal membrane by fusion (Zuidam, 1998); however, the nature of the interactions between 
DNA and zwitterionic lipid are poorly understood, and in order to execute these steps, a 
molecular level understanding must be developed. 
Further, with the growth of DNA nanotechnologies that are able to mimic natural 
processes such as ion channel formation, there is a developing interest in the ability to 
manipulate DNA in two and three-dimensional structures in order to create scaffolds that can 
function as controlled novel drug delivery systems (Jiang, 2012).  These systems typically take 
advantage of the structural stability provided by lipid membrane surfaces. For example, in a 
novel experiment, the Langecker group created nanometer-scale transmembrane channels in lipid 
bilayers through the use of scaffolded DNA origami and was later also able to create DNA-based 
nanocontainers for controlled drug-delivery (Langecker, 2012). Such developments exemplify 
the great promise of DNA origami in biopharmaceutical technologies. However, there is a poor 
fundamental understanding of how the liposome structure affects these DNA processes and how 
best to optimize these conditions. The influence of DNA density within a bilayer membrane (e.g. 
a lipid liposome) upon the structural stability of DNA also remains poorly understood.  
Previous work has relied on the interactions between cationic lipid species and negatively 
charged DNA in probing effects such as DNA polymorphism and condensation. For example, 
the Braun group found that when inserted into cationic liposomes, supercoiled plasmid DNA 
showed a shift from typical right-handed B-form DNA to an uncommon C-form DNA. Little 
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previous work has been done to probe the interactions between neutrally charged lipids and 
DNA. Neutral lipids offer a compelling alternative to the lipoplex cationic system in that they are 
nontoxic. Zwitterionic (or neutrally charged) lipids, used as “helper lipids” mixed with cationic 
lipid, are vital in their capacity to provide maximal complex-cell interaction with no toxicity and 
thus are an important system to study (Chesnoy, 2000).  
Moreover, research has focused on the effect of DNA inserted into liposomes causing 
fusion of liposomes, as opposed to measuring the effect of liposomes on DNA hybridization 
(Fan, 2013). For example, it has been proposed that vesicle fusion can be triggered by the 
hybridization of the DNA molecules, and in fact it was determined that fusion increased as the 
number of DNA molecules per vesicle increased (Fan, 2013). Despite the general understanding 
of the dimensional dynamics induced by DNA inserted into liposomes, the effects of the 
liposome structure itself on the stability of DNA on its surface are poorly understood. This 
information is relevant to biomedical and biological processes.  
The aim of the current study was to obtain an understanding of the influence of DNA 
density within a lipid liposome on the stabilization and hybridization of DNA.  We utilized the 
ability of Förster Resonance Energy Transfer (FRET) to capture real-time hybridization events as 
well as circular dichroism to compare the effects of liposome insertion on the structural stability 
of the DNA as indicated by the CD spectra as a function of temperature.  
Here, we compare the dynamics of structural stabilization and hybridization between 
lipid-anchored and un-anchored DNA in bulk solution. Ultimately, we concluded that double 
stranded DNA anchored at the zwitterionic liposome surface was more stable than DNA in bulk 
solution as indicated by a melting temperature 20°C higher. The results of the work have 
	   7	  
implications in innovations of complex new technologies based on a DNA-lipid system such as 
those previously mentioned.  
 
Model System 
Liposomes are spherical vesicles created by the hydration of thin lipid films 
typically composed of phospholipids (Figure 1).  Their tendency to become unilamellar 
and multilamellar vesicles is taken advantage of in order to create a structure that 
resembles a lipid bilayer. This system also has the potential to mimic a cellular 
membrane (Zhang, 1996). Through a hydrophobic cholesterol functionalization on the DNA of 
interest, the DNA is able to favorably insert into the nonpolar region of the liposome and thus 
anchor the DNA at the surface. Various hypotheses have developed regarding the interaction 
between DNA and liposomes. Though we expect that the hydrophobic cholesterol 
functionalization on the DNA will interact favorably with hydrophobic interior of the liposome, 
tethering the DNA to the surface as shown in Figure 2, various other electrostatically dominated 
conformations also exist.  
  
                                         
Mengistu et al. speculated that DNA interactions with zwitterionic lipid membranes largely 
depend on the presence of divalent cations, such as Mg2+ or Ca2+ as shown in Figure 3. In this 
model, upon the adsorption of DNA, some divalent cations redistribute to the phosphate groups 
Figure 1. Schematic of a 
generic unilamellar liposome. 
Figure 2. Schematic of DNA insertion and hybridization into a lipid 
bilayer through a covalently attached cholesterol moiety (in gray). D 
represents donor DNA strand whereas A represents acceptor DNA strand. 
Upon hybridization, a FRET signal will be emitted.   
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of the lipid heads, enabling the positive headgroups to extend toward the DNA and contribute to 
the screening of the DNA. The DNA double helix therefore effectively lays on top of the lipid 
bilayer to allow for maximum interaction between the oppositely charged headgroups and DNA 
backbone. Though hydrophobic interactions may occur between the aliphatic tails of the lipid 
and the hydrophobic bases of the DNA, these interactions are minor compared to the dominating 
electrostatic interactions between the charged lipid and DNA backbone (Harvie, 1998). 
 
 
 
Work by Patil et al. has exemplified that these ionic interactions do not allow the DNA to retain 
its original structure. They proposed the possibility of a unique conformation of liposome-
associated DNA. In this work, they determined that the ionic interaction of DNA with cationic 
liposomes caused for B-strand DNA to convert to C-DNA which differs from B-DNA in the tilt 
of the base pairs which is -8° instead of -6° and the vertical rise per base pair of B-DNA is 1.8% 
smaller. They hypothesized that this change in DNA secondary structure is related to the divalent 
cation dependence of DNA uptake on a liposome (Patil, 2000).  
 
Our System 
The purpose of this work was to probe the effects of a net neutrally charged, zwitterionic 
liposome (egg phosphatidyl choline) on the structure and stability of polyAT and polyGC double 
Figure 3. Schematic a single double stranded DNA molecule modeled as 
a long cylinder bound to a zwitterionic lipid layer. The positive charges 
of the lipid bilayer favorably interact with the negative charges of 
DNA’s negatively charged phosphate groups, enabling the headgroups 
to extend toward the DNA, (Mengistu, 2009) 
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stranded DNA.  Egg phosphatidyl choline (EggPC) (Figure 4) is a readily used, easily accessible, 
and naturally occurring lipid from the commonly known phosphatidyl choline class of 
phospholipids. The DNA sequences were custom and were known to not make hairpin 
structures. 
To obtain a better understanding of zwitterionic lipids on DNA hybridization and 
stabilization, we performed Förster Resonance Energy Transfer (FRET) to measure DNA 
hybridization as a function of varying liposome concentrations. Further, we performed circular 
dichroism (CD) on varying DNA-lipid complexes and at varying temperatures in order to 
understand structural changes imposed by the liposome on DNA.  
In examining the dynamics between zwitterionic 
EggPC liposomes and DNA with a negatively charged 
sugar-phosphate backbone in the presence of divalent 
cation, we expected there to be a similar effects in that 
the positive nitrogen and the negatively charged backbone of the DNA will be attracted to each 
other; however not as strongly as in the cationic liposome case due to partial repulsion from the 
negatively charged oxygen on the lipid. Moreover, our DNA was tagged with a cholesterol 
moiety that was expected to insert into the lipid bilayer, effectively anchoring the DNA strand to 
the surface.   
FRET was used to measure the level of hybridization in liposomes since it is the specific 
association of donor-labeled and acceptor-labeled oligonucleotides that mainly cause FRET. 
FRET acceptor to donor intensity ratios typically quantify the amount of hybridization 
(Lakowicz, 2002). It was expected that mixtures of DNA and liposome with the greatest acceptor 
to donor ratios would exemplify the greatest effective hybridization. We hypothesized that by 
Figure 4. Molecular structure of the predominant 
species of EggPC.  
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inserting equal concentrations of complementary DNA strands into neutrally charged liposomes 
composed of EggPC through a tethering cholesterol moiety, diffusion would be limited to two-
dimensional motion on the bilayer surface as opposed to three dimensional diffusion in bulk 
solution. Liposome concentrations with the largest area fraction of DNA were expected to 
exhibit the greatest amount of hybridization. This confinement is hypothesized to increase search 
efficiency of the complementary DNA strands, allowing for greater effective hybridization. 
However, some results were skewed due to effects such as quenching, light scattering, and 
fluorescent probe aggregation, which are described in the appendix. Though effects of quenching 
and scattering limited the current results, there is an indication of greater DNA stabilization in 
the liposome with the largest area fraction of DNA. 
Further, we employed CD in order to measure the stability and structure of both anchored 
and unanchored DNA as a measure of temperature. Previous studies have determined the 
possibility of a unique conformation of liposome-associated DNA structure due to ionic 
interactions between the DNA and ionic liposomes  (Patil, 2000). We hypothesized that liposome 
induced stabilization due to anchoring of the DNA and electrostatic interactions with the lipid 
headgroups would induce some kind of structural stability as would be indicated by a higher 
melting temperature. In fact, we determined that the melting temperature of liposome-anchored 
DNA was significantly higher than that of DNA in bulk solution. We hypothesize a variety of 
factors that may cause this stabilization, including induced conformational stability, reduction of 
the search space to two dimensions, as well as decreased entropic loss for hybridization 
processes. This preliminary work will help guide future experiments in measuring the effects of 
the stability imposed by lipid-anchoring.  	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Materials and Methods 
 
Materials 
The following fluorescently labeled DNA sequences, purchased from IDT-Integrated 
DNA Technologies were used for FRET studies: 
GC Donor: 5’-AlexaFluor®546/CGC CGG CCG CGC GGC/TEG-Cholesterol 
GC Acceptor: 5’-Cholesterol-TEG/GCC GCG CGG CCG GCG/AlexaFluor®647 
AT Donor: 5’-AlexaFluor®546/ATA ATT AAT ATA TTA/TEG-Cholesterol 
AT Acceptor: 5’-Cholesterol-TEG/TTA TAT ATT AAT TAT/AlexaFluor®647 
 
For CD experiments, the AT pair was used and lacked the AlexaFluor fluorescent label. 
A population of AT acceptor and donor strands that lacked a cholesterol moiety was also used 
for CD experiments. The donor and acceptor fluorophores are a documented FRET pair with a 
Förster radius of 7.4 nm (Johnson, 2010). The tetraethylene glycol spacer and hydrophobic 
cholesterol moiety allow for insertion into the liposome bilayer, as depicted in Figure 2. Shohda 
et al. have determined that that for a DNA molecule connected to a lipophilic cholesterol through 
a PEG spacer, the conformation of the PEG is likely to be such that the molecule is oriented 
according to the gauche effect around O-C-C-O bonds, bringing the DNA head close to the 
membrane.  These DNA strands were in suspended in water in a concentration of 1μM from 
which they were diluted.  
Liposome solutions were created using neutrally charged L-α-phosphatidylcholine of egg 
yolk (EggPC) purchased from Avanti Polar Lipids. Methods to create liposomes were based off 
of previous work in the Schwartz lab (Noonan, 2014). 
A 10mM MgCl2, 10mM NaCl pH 7.5 phosphate buffer was created in lab and used for all 
experiments. 
Methods 
DNA Hybridization at the Liposome Interface 
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The DNA molecules were mixed with a neutrally-charged EggPC lipid solution, and 
processed to create a liposome dispersion. This allowed both strands to be anchored into the 
liposome in an orientation that facilitated hybridization in an antiparallel fashion. To create these 
liposome dispersions, chloroform was evaporated using N2 gas from a known mass of EggPC. 
This created a lipid film which was then dissolved in methanol. Equal concentrations of both 
acceptor and donor DNA molecules of either AT or GC were added to the methanol solution. 
Methanol was evaporated using N2 gas and the mixture was rehydrated using the sodium 
phosphate buffer mentioned previously. After a twenty-minute sonication period, solutions were 
vortexed until clarity in order to minimize interference from light scattering  (Patil, 2000). Next, 
vesicles were sized and made unilamellar using a membrane extruder (Avanti Polar Lipids Inc.) 
with a polycarbonate filter membrane of pore size 100 nm. These mixtures were extruded eleven 
times in order to ensure that none of the starting multilamellar vesicles would contaminate the 
final product. Previous work has characterized liposomes extruded through this method having 
an average diameter of 120nm (Noonan, 2014). These mixtures all had equivalent molarities 
(10mM) of MgCl2 and NaCl, which helped stabilize the phosphodiester backbones and allowed 
for hybridization that could be measured through fluorescence. For FRET experiments, samples 
were excited at a 545nm wavelength light and emission spectra were recorded from 560nm to 
800nm at constant room temperature (25°C). For circular dichroism spectra, temperature ranged 
from 10° to 90°C at a step size of 10°C and spectra were typically taken from 200-340nm. 
Temperature ramping measurements were taken at a single wavelength of 250nm with a 0.5°C 
step size in order to probe the effects of liposome stabilization on DNA through comparisons of 
melting temperature.  
 
DNA Hybridization in Solution 
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For experiments measuring DNA hybridization in solution, various concentrations of 
DNA were prepared through serial dilutions using 1μM stock of labeled DNA. Solutions were 
sonicated for a twenty-minute time period. Concentrations of DNA solutions were determined 
using UV-absorbance at 260nm and an average molar absorptivity constant of 125500 M-1cm-1 
for GC strands and 166100 M-1cm-1 for AT DNA as provided by IDT. Solutions were either 
composed of wholly AT or wholly GC sequences. Fluorescence emission spectroscopy and CD 
methods were the same for liposome and bulk solution studies.  
 
Förster Resonance Energy Transfer 
The power of FRET lies in its ability to provide insight on the internal mobility and 
flexibility of biomolecular systems (Periasamy, 2005). When the emission spectra of a 
fluorophore “donor” overlaps with the absorption spectrum of another molecule, (the “acceptor”) 
occurs, FRET is observed when the excited donor molecule transfers a portion of its non-
radiative energy to the acceptor molecule, allowing for fluorescence . The extent of this energy 
transfer is determined by the physical distance between the acceptor and donor molecules as well 
as the extent of spectral overlap  as shown in Figure 4 (Lakowicz, 2002).The Forster radius is the 
characteristic distance for 50% FRET efficiency (Stockand, 2006). Our FRET pair has a 
documented FRET pair of 7.4 nm, which lies in the acceptable Förster range (Lackwicz, 2002). 
When FRET occurs (e.g. DNA strands hybridize) the FRET plot of intensity will indicate an 
increase in the acceptor peak fluorescence intensity and a decrease in the donor peak 
fluorescence intensity. This phenomena was utilized in measuring the amount of DNA 
hybridization both in solution and in liposome.  
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Circular Dichroism 
 Circular dichroism is a robust method for measuring the secondary structure of 
biomolecules such as DNA and protein. The CD of nucleic acids corresponds to the ability of 
aromatic bases of DNA to absorb UV light and undergo electronic transitions (Fasman, 2000).  
CD converts plane polarized light to elliptically polar light and takes the difference between the 
absorption of right handed and left handed circularly polarized light. CD’s efficacy lies in the 
fact that some materials absorb left circularly polarized light to a different extent than right 
circularly polarized light (Greenfield, 2006). Due to this ability, CD is uniquely suited to 
measure the secondary structure of molecules such as DNA, whose double helix structure is 
highly asymmetrical and typically has only a few predictable structures (Greenfield, 2006).  
Further, CD is highly temperature-sensitive in that it exemplifies a broad transition between the 
stacked polymer at low temperature and the unstacked polymer at high temperature (Fasman, 
2000). As base stacking interactions are disrupted, most CD bands lose intensity as the base-base 
interactions are lost (Fasman, 2000). In neutral solution at moderate salt concentration, most 
DNA polymers prefer the right-handed B-form with 10 bases per turn (Kowalczyk, 2004). Our 
Figure 4. Plot of spectral overlap for the given FRET pair (Life Technologies, 2014).   
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CD experiments were run on a ChirascanPlus CD and Fluorescence Spectrometer purchased 
from Applied Photophysics. We used cuvettes purchased from Applied Photophysics with a 
pathlength of 4mm. These experiments were run in duplicate and spectra were smoothed using a 
Savitzky-Golay algorithm. Smoothed data was compared to raw data to confirm a good fit. 	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Results and Discussion 
 
FRET: DNA in Liposome 
All data presented here were collected in duplicate or triplicate and thus representative 
scans are presented. Initial experiments were run using various concentrations of salt in buffer in 
order to optimize concentration FRET emission spectra. Acceptor peak values were averaged 
and divided by donor peak values in order to obtain a comparison of hybridization at each 
concentration (FRET Ratio) (Periasamy, 2005). As amount hybridization increases, this ratio 
should proportionally increase. It is expected that as the absolute concentration of DNA 
increases, the amount of hybridization will increase as exemplified in Equations 1 and 2 where A 
symbolizes single stranded acceptor strand, D is single stranded donor strand, and AD is 
hybridized DNA. Keq is the equilibrium constant of the hybridization process and represents the 
value of the reaction quotient at chemical equilibrium. 
𝐴 + 𝐷 !!"!!""    [𝐴𝐷]         Equation 1 𝐾!" = [!"]! [!]         Equation 2 
 
FRET was documented for mixtures with DNA inserted into varying concentrations of 
liposomes (Figures 5 and 6). With DNA concentration constant, at higher concentrations of lipid, 
there are less strands of DNA per liposome, and thus there should be less frequent hybridization 
due to greater separation and less collision frequency between the DNA strands. As depicted in 
Figure 5, the 0.1 mg/mL lipid solution of polyGC DNA exemplified greater hybridization than 
the 0.2 mg/mL lipid solution. This confirms hypotheses regarding the greater search efficiency of 
DNA molecules when tethered to a liposome surface as the molecules are closer together at 
lower lipid concentrations.  
 
	   17	  
 
Figure 5. Fluorescence intensity for 20 nM GC DNA in varying lipid concentrations with pH 7.5 10 mM 
NaCl and 10mM MgCl2 phosphate buffer. Equal concentrations of donor and acceptor labeled DNA were 
used.  
 
Figure 6. Plotted FRET ratios for 20 nM GC DNA in lipid concentrations of 0.1, 0.2, 1, 2, and 10 mg/mL 
with pH 7.5 10 mM NaCl and 10mM MgCl2 phosphate buffer. Equal concentrations of donor and acceptor 
labeled DNA were used.  
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Higher concentrations (2mg/mL and 10mg/mL) of lipid do not exemplify much change in 
hybridization (Figure 6). This is perhaps an artifact of light scattering by the liposomes. 
Scattering occurs at the excitation wavelength and affects the donor peak intensity (Lakowicz, 
2002). Using FRET to measure the effects of stabilization on the liposome surface at high 
concentrations of lipid is not a robust method due to the intensive light scattering caused by 
liposomes (Kuvichkin, 2002).  
 
Circular Dichroism: DNA in Liposome 
CD scans of the polyAT DNA both with and without the attached cholesterol moiety in solution 
as well as polyAT DNA with the attached cholesterol moiety in 0.1mg/mL liposome were also 
obtained from 200nm to 340nm (Figures 7, 8, and 9) at various temperatures to compare 
differences in DNA secondary structure. Though the spectra of AT DNA in solution highly 
resembled each other and exemplified B-DNA throughout the melting process, lipoplexed DNA 
spectra exemplified a different structure that could perhaps best be described as a combination of 
B and Z-DNA forms (Figures 10 and 11). Previous work has characterized the CD spectra of 
various DNA conformations. For example, the most commonly found DNA secondary structure, 
B-form, exemplifies a positive long band from 260 to 280 nm and a negative band at 245 nm 
(Kypr, 2009). Z form DNA has a negative band at 290nm and positive band at 260nm  (Kypr, 
2009). Spectra of unanchored DNA clearly represented B-DNA form, however lipid-anchored 
DNA exemplified a novel B and Z combination form of DNA in that it had a deep negative band 
at 245 nm and a negative band from 260-280nm. Previous work has indicated the possibility of a 
unique conformation of liposome-associated DNA structure (Braun, 2003). This novel structure 
was also uniquely more stable than the native B-forms of DNA in that it had a significantly 
higher melting temperature (Figure 12). Structural stabilization induced by the liposome on the 
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DNA caused a significant increase in the melting temperature of the DNA as compared to that in 
solution. This structural change could have been induced by electrostatic interactions, mediated 
by divalent cation, between the liposome and the charged phosphate groups of the DNA.  
 
  
 
 
 
 
 
 
 
 
 
  
  
 
 
Figure 7. CD spectra of 600nM AT DNA in pH 7.5 10 mM NaCl and 10mM MgCl2 phosphate buffer at 
temperatures ranging from 10°C to 90°C. Spectrum were obtained from 200nm to 340nm.  
 
Figure 8. CD spectra of 600nM AT DNA with a cholesterol moiety in pH 7.5 10 mM NaCl and 10mM 
MgCl2 phosphate buffer at temperatures ranging from 10°C to 90°C. Spectrum was obtained from 200nm 
to 340nm. 
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Figure 9. CD spectra of 600nM AT DNA with a cholesterol moiety anchored in 0.1mg/mL EggPC at 
temperatures ranging from 10°C to 90°C. Spectra were obtained from 200nm to 340nm.  
 
 
Figure 10. CD spectra of the three different DNA populations at 10°C. Spectra were obtained from 200nm 
to 340nm.  
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Figure 11. CD spectra of the different DNA populations at 70°C. Spectra were obtained from 200nm to 
340nm.  
 
As DNA becomes single stranded, it exhibits a positive shift in the 250-260nm range 
peak (Kypr, 2009). Melting of AT DNA with and without the sterol moiety and inserted into the 
lipid bilayer through the cholesterol moiety was compared by obtaining CD spectra of the DNA 
at a single wavelength of 250nm as a function of increasing temperature (Figure 12). Melting 
points were determined by fitting baselines to the pre-and post-melting points and the point at 
which 50% of the DNA was melted was calculated. It was determined that the melting point of 
AT DNA without a sterol moiety was 37°C as predicted by IDT Technologies. AT DNA with a 
sterol moiety had a melting temperature of 42°C. AT DNA inserted into 0.1mg/mL liposome 
through a cholesterol modification melted at 62°C. It is assumed that the cholesterol moiety is a 
stabilizing force for the double stranded DNA, causing it to melt at higher temperatures through 
favorable interactions (Swiatkowska, 2014). The relative lack of sigmoidal character in the 
spectra of liposome-inserted DNA results from competing processes of various populations of 
DNA both tethered to the liposome as well as stray DNA in solution interacting with the 
liposome head groups through electrostatic interactions. For the tethered DNA, it is hypothesized 
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that the liposome stabilize DNA by imposing a more stable orientation of secondary structure; 
therefore, melting temperature should be higher for DNA inserted in liposomes, which was 
observed in our system. This is also attributed to the closer proximity of the DNA strands in the 
0.1 mg/mL lipid solution. Further, by reducing the dimensionality of the surface from three 
dimensional bulk solution to two-dimensional surface diffusion, the search efficiency of the 
molecules is increased and the orientation of the DNA molecules inserted into the bilayer allow 
for a greater search efficiency. The liposome confers further stability to the DNA by decreasing 
the entropic penalty for hybridization since DNA molecules are relatively more ordered when 
they are interacting electrostatically with the liposome surface.  
 
Figure 12. Melting curves of 600nM AT DNA, 
600nM AT DNA with cholesterol moiety, and 
600nM AT DNA with cholesterol moiety in 0.1 
mg/mL EggPC. The melting temperatures of 
these populations were determined to be 37°, 
42°, and 62° respectively. CD was obtained at a 
single wavelength of 250nm with a 0.5°C step 
size. 
	   23	  
Conclusion 
 
The findings of this work help confirm hypotheses regarding the stabilization conferred 
to DNA when it is inserted into a lipid bilayer. In the presence of liposomes, the CD spectrums 
of DNA in solution versus in liposome were markedly different. It is hypothesized that the 
zwitterionic liposome induced a conformational shift in the secondary structure of the DNA from 
native B form to a unique B-Z conformation. This new conformation rendered the DNA more 
stable as indicated by a higher melting point (62°C versus 42°C in bulk solution). This increased 
stability may also be due to the reduction of the search space from three-dimensions in bulk to 
only two for DNA on the liposome surface, increasing the search efficiency of the DNA strands. 
Further, by orienting the DNA strands on the surface, the liposomes decrease the change in 
entropic loss due to hybridization, making hybridization a more entropically favorable process.   
These data show that the electrostatic interactions between the negatively charged DNA 
backbone and the zwitterionic lipid are a significant factor in designing lipolexes and other 
related technologies as they can mediate specific changes in the DNA secondary structure. These 
interactions may be related to the mechanism of association induced by divalent cations. Future 
experiments should thus compare the conformation of lipid associated DNA in the presence and 
absence of divalent cation.  Further, it may be noteworthy to compare the structure and stability 
of DNA in different compositions of lipids that include both cationic and zwitterionic species in 
order to optimize lipid effects on DNA properties such secondary structure. Single-molecule 
total internal reflection microscopy can also be employed to obtain a better understanding of 
these interactions since it is uniquely suited to capture competing kinetic processes and can be 
useful in capturing different modes of lipid-DNA interaction. 
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Ultimately, through this work, we gained further understanding of the interactions 
between zwitterionic liposomes and double stranded DNA, which are important components to 
developing gene therapy lipoplexes and other medically relevant technologies.   	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Appendix 
 
FRET: DNA in Bulk 
All data presented here were collected in duplet or triplicate and thus representative scans 
are presented. Initial experiments were run using various concentrations of salt in buffer on 
hybridization in order to optimize concentration FRET emission spectra. In order to create a 
comparison of DNA hybridization on the surface of the liposome versus in bulk solution, a 
calibration curve was created using serially diluted DNA in buffer. An example of a normalized 
FRET plot of varying concentrations is shown in Figure 5. As previously mentioned, acceptor 
peak values were averaged and divided by donor peak values in order to obtain a comparison of 
hybridization at each concentration. It is expected that as the absolute concentration of DNA 
increases, the amount of hybridization will increase In terms of FRET, one would expect a 
greater acceptor to donor ratio as concentration of DNA was increased. Though this was mostly 
observed for AT DNA (Figure A1), GC DNA showed an opposite trend (Figure A2). For GC, as 
concentration of equimolar amount of acceptor and donor single strands were increased, 
hybridization decreased. Thus, we expected that photophysical effects are affecting the integrity 
of this experimental system. 
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Figure A1. Plotted FRET ratios for concentrations ranging from 20nM to 900nM AT DNA in phosphate 
buffer.  
 
Figure A2. Plotted FRET ratios for concentrations ranging from 20nM to 900nM GC DNA in phosphate 
buffer.  
 
In order to probe the effects of quenching on our experimental set-up, we compared the 
fluorescence spectra of GC acceptor and donor strands separately as well as when mixed in 
solution (Figure A3). Quenching is defined as any process that decreases the fluorescence 
intensity of a substance. Collisional quenching is the deactivation of excited fluorophores by 
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contact with another molecule in solution that increases the nonradiative state (Periasamy, 2005).  
During the collision encounter with the quencher, the fluorophore is returned to the ground state. 
The FRET spectrum for GC DNA exemplified a significant photophysical effects in which the 
acceptor peak became almost nonexistent in a mixed donor-acceptor solution. Though the donor 
peak intensity decreased as a result of hybridization and transfer of energy to the acceptor strand, 
the acceptor peak’s significant decrease in intensity signifies the presence of a photophysical 
effect that skews the presented trends. Multiple factors can result in this inverted trend. As 
previously mentioned, quenching can occur when an excited-state fluorophore comes in contact 
with a molecule in solution, such as oxygen, causing it to be deactivated, in which case it is 
collisional quenching  (Lakowicz, 2002). Further, quenching can occur when molecules create a 
non-fluorescent aggregates due to hydrophobic effects in the ground state. This is possible due to 
the aromaticity of AlexaFluor 647. In solution, these dye molecules have greater orientational 
flexibility and are thus able to create non-fluorescent aggregates. Both of these effects are 
possible reasons for the inappropriate trend seen in Figure A2. In future experiments, a FRET 
pair of fluorophores that are less prone to quenching and aggregation can be used. Further, we 
propose that fluorescence lifetimes be measured in the using the same system in order to probe 
the efficacy of these dyes in FRET experimentation. Fluorescence lifetime is defined as the 
average time a molecule spends in the excited state prior to returning to the ground state 
(Periasamy, 2005).  FRET from donor acceptor is a dynamic quenching process that affects the 
donor lifetime; however, collisional quenching can greatly modify the fluorescence lifetime and 
quantum yield of a molecule (Periasamy, 2005).  
Next, fluorescence of the acceptor peak of GC DNA in solution was measured at various 
concentrations of DNA (Figure A3). Though both populations exemplified a relatively linear 
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trend in increasing acceptor peak value as a function of increasing DNA concentration, the 
double stranded population exemplified little change in fluorescence intensity. Again, we 
hypothesize that this is an artifact of a photophysical effect such as dye aggregation.  
 
 
 
Fluor
escence of varying solutions of donor strand, acceptor strand, and a solution equimolar donor and 
acceptor strand were also examined (Figure A4). The fluorescence intensity of the acceptor peak 
dropped sharply after the addition of donor strand to the solution. This is likely due to excessive 
quenching during hybridization or aggregation of fluorophore species.  
Figure A3. Single-stranded versus double-stranded GC DNA in solution at concentrations 
ranging from 300nM to 900nM.  	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Ultimately, this fluorphore pair was not a robust system for FRET studies. Though FRET 
can be a useful method for measuring DNA hybridization, we propose that future experiments 
use a different fluorophore system that is less prone to aggregation and other photophysical 
effects.  
  
Figure A4. Comparison of fluorescence intensity of various solutions of GC DNA in phosphate 
buffer.  	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